Abstract There is evidence of a relationship between tooth size and tooth agenesis in human populations, with a tendency for reduced tooth size in individuals with missing teeth. The aim of this study was to analyze the size of remaining teeth (mesiodistal crown diameters) and their variability in individuals with varying degrees of severity of congenitally missing teeth. Tooth crown diameters were recorded from 100 dental plaster casts of Japanese males. Subjects were divided into three agenesis groups: group A had one missing tooth per individual, group B had two missing teeth per individual, and group C had three or more missing teeth per individual. For comparison, tooth size data were used from a previously studied sample of Japanese males who did not have any congenitally missing teeth. Group A displayed the largest mesiodistal crown size dimensions for all maxillary and mandibular teeth, followed by group B, and then group C. In comparison with the reference data, when only one or two teeth were missing, the remaining teeth tended to be larger, but when there were three or more missing teeth, the remaining teeth tended to be significantly smaller throughout the dentition. In terms of tooth size variability, dental dimensions in the agenesis groups were generally more variable compared with those in the reference sample. This tendency was most pronounced in the group with the greatest number of missing teeth. Although there was a tendency for the size of the remaining teeth to be more reduced as the number of missing teeth increased, tooth size in individuals with only one or two teeth missing was generally larger than in a control group with all 32 permanent teeth, suggesting that the relationship between tooth size and dental agenesis may be more complicated than previously thought, perhaps due to local compensatory interactions affecting the size of teeth.
Introduction
It has been reported that tooth size has become smaller and tooth number has been reduced due to a general reduction in the size of the jaws during the course of human evolution (Keith, 1924; Bolk, 1916; Hellman, 1936) . With regard to third molar agenesis, Brothwell et al. (1963) noted that congenitally missing third molars were not frequent in the Upper Paleolithic but that they were more common during the Neolithic era in Europe. Third molar agenesis has also been reported in Southeast Asia, and frequencies are quite high in the northern part of this area. Indeed, the prevalence rate of over 30% is greater than reports for any other region of the world (Brothwell et al., 1963) . On the other hand, frequencies of dental agenesis, excluding third molars, have been reported to be lie between about 2 and 7% for other human populations (Werther and Rothenberg, 1939; Zimmerman, 1967; Muller et al., 1970; Hermal et al., 1971; Thompson and Popovich, 1974; Yamada and Hanamura, 1993) . Congenitally missing teeth frequently involve the distal teeth within each tooth class. These distally situated teeth generally develop later than the mesial ones, and their later development seems to predispose them to congenital absence that is significant in phylogenic terms (Fujita, 1958; Ozaki, 1960) .
When congenitally missing teeth are reported in the dentition, the remaining teeth tend to show dental reduction. Garn et al. (1961a, b; 1963a, b) and Garn and Lewis (1970) reported in the dentitions of American Whites that if the third molars were congenitally missing, the remaining teeth were more likely to show reduction in crown size, morphology, and developmental timing compared with individuals with a full complement of teeth. Furthermore, crown size was generally more reduced in a multiple agenesis group (lacking third molars and other teeth) than in individuals with simple third molar agenesis (Garn and Lewis, 1970) . In contrast, Sofaer et al. (1971a) and Sofaer (1973) reported in schoolchildren in Hawaii that when the maxillary lateral incisor was congenitally absent on one side, the adjacent central incisor was larger in size than its counterpart, suggesting a possible compensatory local interaction affecting the size of adjacent teeth. A similar phenomenon of an increase in tooth size of Japanese dentition has also been reported in individuals with agenesis of four third molars (Asakura, 1975; Yamada et al., 2005) .
This study aims to determine whether there is any trend evident in the size of the remaining teeth in the second dentition of Japanese males who display varying degrees of severity of missing teeth. Three groups of individuals with different degrees of severity of dental agenesis are compared with each other and also with a reference group with all 32 permanent teeth present. We hypothesize that the remaining teeth will show increased tooth size compared with the controls when the number of congenitally missing teeth is small, but that tooth size will be progressively reduced as the number of missing teeth increases.
Materials and Methods
The study material used consisted of the dental plaster casts made from alginate impressions of the dentitions of 100 Japanese males, aged from 10 to 30 years, and the majority of subjects were born between 1949 and 1970. The models are stored at Aichi-Gakuin University, Nagoya, Japan. The congenital absence of teeth was confirmed radiographically for all affected individuals. Only individuals with permanent dentitions were included in the study. Medical histories in each case showed no experience of previous tooth loss due to trauma, dental caries, periodontal disease, or orthodontic extractions. Only subjects without systemic illnesses or genetic medical conditions were included.
The subjects with agenesis of teeth were divided into three groups and were compared with a reference sample of Japanese males, for whom data had already been collected by one of the authors (Yamada et al., 2005) . The first group (group A) consisted of individuals with only one missing tooth per person (59 males), the second group (group B) had two missing teeth per person (21 males), and the third group (group C) had three or more missing teeth per person (20 males), excluding third molars. The individuals in the reference or control group all had complete permanent dentitions, with 32 permanent teeth confirmed radiographically, including third molars. They came from the Tokai region of Japan (Yamada et al., 2005) .
The permanent teeth from the central incisor to the second premolar of both jaws were measured on the dental casts by the first author alone (H.Y.) following the method of Fujita (1949) using sliding calipers (manufactured by Mitsutoyo Company, Japan) to an accuracy of 0.05 mm. The averages of right-and left-sided teeth were obtained but if a tooth on one side could not be measured due to congenital absence, dental caries, presence of restorations, or an abnormality in form, the corresponding tooth on the other side was accepted.
Measurement errors were analyzed by a procedure in which double determination measurements were made on separate occasions for 50 subjects selected at random. Differences between first and second determinations at intervals of 6 months or more were analyzed by computing the standard deviation of a single determination (Dahlberg, 1940) .
Comparisons were made based on basic descriptive statistics, and the percentage differences between the average mesiodistal crown diameters of the agenesis groups and those of the reference group were also calculated using the following formula: [(agenesis group mean − reference group mean)/reference group mean] × 100. In addition, as a representation of overall crown size in a study sample, the total of average tooth size (TATS), which was devised by H.Y., was calculated by summarizing the averages of the mesiodistal crown diameters in the maxilla and the mandible.
Descriptive statistics, including mean values and standard deviations, were calculated for all tooth size variables using JMP statistical software version 5.1 for Windows (SAS Institute, 2000) on a personal computer. Differences between the agenesis tooth groups and the reference group were analyzed for mean values with the Tukey-Kramer HSD test (Tukey, 1953; Kramer, 1956 ) and for variances with the F-test.
Results
There was no indication of systematic measurement errors between first and second determinations, based on paired t-tests. Mean differences between first and second determinations ranged from −0.00 to 0.01 mm. Measurement errors, indicated by the Dahlberg (1940) statistic, ranged in value from 0.06 mm for the lateral incisor to 0.10 mm for the canine in both jaws. When error variance was expressed as a percentage of total observed variance, error percentages for mesiodistal diameters ranged from 0.67 to 1.78%. Overall, errors of the measurement were small for all variables, and unlikely to bias the results of this study.
The total number of missing teeth was 186; therefore there were on average 1.9 missing teeth per person. The most frequent tooth to be missing was the mandibular second premolar (23.7%), followed by the maxillary second premolar (21.5%), maxillary lateral incisor (17.2%) and mandibular first incisor (14.0%) ( Table 1) .
Based on the TATS values calculated from central incisor to second premolar for both jaws, group A (73.7 mm) showed largest tooth size, then group B (72.9 mm), followed by group C (69.5 mm). The reference group showed an intermediate tooth size of 72.1 mm ( Table 2) .
The results of comparisons of tooth size between the three agenesis groups (A, B and C), using Tukey-Kramer HSD tests are shown in Table 3 , with the significance levels indicated. Group A had largest teeth and group C smallest in all dental measurements, with the exception of the mandibular central incisor where group B was slightly larger than group A. No significant differences in mean values between groups A and B were found in either the maxilla or the mandible. In contrast, group A showed significantly larger tooth size than group C, except for the mandibular second premolar. Group B also showed significantly larger incisors than those of group C, but no significant differences were found in the canine and premolars in both jaws. Table 3 also shows comparisons of three agenesis groups with the reference data. All teeth in group A were larger than in the control or reference group. Significant differences were found for maxillary central incisors (P < 0.01) and mandibular premolars (P 1 : P < 0.01; P 2 : P < 0.05). Group B also tended to display larger tooth size than the reference group, but there were no significant differences. However, group C displayed definitely smaller tooth dimensions throughout the dentition than the reference group. The differences were statistically significant for lateral incisors (I 2 : P < 0.01; I 2 : P < 0.05) of both jaws ( Figure 1 and Figure 2) .
The results for tooth size variability in the agenesis groups compared with the reference group, as indicated by variance ratio, are provided in Table 4 . In the maxilla, canine teeth of groups B and C were significantly more variable in tooth size variability, and in the mandible the following teeth were significantly more variable: the lateral incisor in group A; lateral incisor and canine in group B; and central incisor, canine, and second premolar in group C.
Discussion
Tooth size is thought to follow a polygenic mode of inheritance like many other quantitative physical characters, and it appears that dental agenesis occurs when developing tooth germs fall below a certain critical size (Falconer, 1981) . Brook (1984) and Brook et al. (2002) have proposed a multifactorial model to relate tooth size and number that is based on an underlying continuous distribution of tooth size, with thresholds determining hypodontia and supernumeraries. Brook hypothesized that hypodontia is linked to small tooth size, whereas supernumerary teeth are associated with larger tooth size.
Congenitally missing teeth in the dentition have been showed to be associated with size reduction of the remaining teeth (Garn et al., 1963a) . Garn et al. (1963a, b) noted in American whites that the greater the number of missing teeth, the smaller in size the remaining teeth tended to be. Hanihara (1970) described in the Pima Indians that individuals with reduced or conical maxillary lateral incisors had smaller teeth than those without altered lateral incisors. Reduction in tooth number was associated with reduction in crown size, morphology, and developmental timing of the remaining teeth, and furthermore, crown size was generally reduced in individuals with multiple agenesis (Garn and Lewis, 1970) . A direct relationship was postulated between tooth agenesis and decreased tooth size, with nearly 70% of permanent teeth being significantly smaller in size in an agenesis group (up to six teeth missing) (Baum and Cohen, 1971a) . Lavelle et al. (1970) also reported in British whites that mesiodistal crown diameters were smaller on average in individuals with third molar agenesis compared with those with complete dentitions. More recently, Brook et al. (2002 Brook et al. ( , 2009 reported that patients with hypodontia tended to have smaller remaining teeth than a control group and that this difference was statistically significant.
However, in the case of a study using the mouse dentition, Grüneberg (1963 Grüneberg ( , 1965 found that if the first molar of the mouse, which was the largest in the tooth row normally, was reduced to become the smallest, then the second and third molars tended to grow even larger than in a normal mouse. Sofaer et al. (1971a, b) also reported in schoolchildren in Hawaii that the adjacent central incisor of humans tended to be larger when the lateral incisor alongside it was congenitally missing. Furthermore, it has been noted that certain teeth were significantly larger in an agenesis group with four third molars missing than in a group with full complements of 32 permanent teeth, for both females (Asakura, 1975) and males (Yamada et al., 2005) . Therefore, it would seem that tooth agenesis is associated in some general way with dental reduction, but the crown size of the remaining teeth is not always reduced-indeed, in some cases it may be increased.
In total, 186 teeth were congenitally absent in the 100 individuals examined in the present study. The most frequent tooth to be missing, excluding third molars, was the mandibular second premolar in males (23.7%), a finding that is consistent with previous studies (Dolder, 1936; Terasaki and Siota, 1954; Grahnen, 1956; Brown, 1957; Volk, 1963; Rose, 1966; Horowitz, 1966; Ringqvist and Thilander, 1969; Haavikko, 1971; Hermal et al., 1971; Hirukawa et al., 1999) . In contrast, some researchers have reported that the maxillary lateral incisor is the most frequently congenitally missing tooth (Werther and Rothenberg, 1939; Okamoto et al., 1951; Zimmerman, 1967; Baum and Cohen, 1971a, b) .
A critical issue to consider in comparing tooth size data between different study samples is the validity of the mesiodistal crown size measurements. Great care was taken to ensure that the caliper beaks were placed in the correct positions on all teeth to record their maximum mesiodistal diameters. This ensured that dimensions were not overestimated in teeth that did not have contact with adjacent teeth on the mesial and distal. In addition, where adjacent teeth were present, the caliper tips were placed interproximally to ensure that the maximum diameter of each tooth was recorded. As stated earlier, all measurements were made by the same researcher (H.Y.) to ensure that no interobserver errors were introduced. In addition, replicability studies confirmed that errors of the method were generally small and unlikely to bias results.
Among three agenesis groups, group A had the largest teeth, followed by group B and then group C. When tooth agenesis was severe, with many teeth missing, the remaining teeth tended to be reduced considerably in crown size. Yamazaki (1960) has reported that in Japanese the mesiodistal crown diameters of remaining teeth tended to be smaller in individuals with more than eight missing teeth. McKeown et al. (2002) also described in Caucasians that there was a trend for tooth dimensions of all teeth to be smaller in individuals with the severe agenesis (six or more congenitally missing teeth).
In oligodontia and tooth agenesis cases, PAX9 mutations have been described in families with inherited oligodontia (where many teeth are congenitally missing), characteristically involving permanent molars (Peters et al., 1998) . In addition to permanent molars, other congenitally missing teeth have also been noted in the premolar, canine, and incisor regions (Lammi et al., 2003) . In these cases, tooth size was also reduced. MSX1 mutations may also cause familial tooth agenesis (Lidral and Reising, 2002) , with knockout mice for these genes also lacking teeth and displaying teeth with arrested development at the bud stage (Satokata and Maas, 1994; Peters et al., 1998) . Thus, it would appear that in cases of oligodontia, the condition is strongly affected by genetic factors and the whole dentition tends to be reduced in size.
The TATS value for the reference group in the present study, calculated from central incisor to second premolar, was 72.1 mm. This value is almost the same as those of Sakai (1957) , whose data were collected from individuals in the Nagano and Yamanashi prefectures of Japan, at 72.0 mm; Hanihara (1977) , whose data were from Tokyo, at 71.9 mm; and Yamada (1977) , whose data came from the Tokai region, in central Japan, at 72.0 mm. All of the analyses in the studies of Sakai (1957) , Hanihara (1977), and Yamada (1977) did not take account of the third molars.
Interestingly, the reference group showed intermediate tooth size based on the TATS value when compared with the three agenesis groups. Intriguingly, group A displayed significantly larger mesiodistal diameters than the reference group. A similar trend was noted for group B, although no significant differences were found. In contrast, group C showed smaller tooth size and significant differences were found for lateral incisors of both jaws. The result for group C is consistent with those of Garn and Lewis (1970) , Baum and Cohen (1971a) , Brook et al. (2002), and Brook et al. (2009) . Their data were obtained from Caucasians of European ancestry. That is, the more congenitally missing teeth, the smaller the mesiodistal crown diameters of the remaining teeth.
However, the results based on group A and group B provide further evidence that the size of remaining teeth may actually be increased in individuals with a small number of missing teeth. Yamada et al. (2005) reported in Japanese males that an agenesis group with four missing third molars had significantly larger first and second molars in both jaws (TATS = 72.9 mm) than a reference group with all 32 permanent teeth (TATS = 72.1 mm). Sofaer (1973) proposed a model of compensatory interaction in maxillary incisors and claimed that compensation in size was most likely to be apparent when there was absence of one of the members of the class. It is suggested that when there are only one or two congenitally missing teeth, the remaining teeth may be increased in size in their mesiodistal direction, possibly due to compensatory interaction between adjacent teeth, but when there are more than three missing teeth, excluding third molars, the remaining teeth will tend to be significantly smaller, reflecting a multifactorial pattern of inheritance that affects the dentition overall. Given that the findings of the present study contrast with those of Brook et al. (2009) , it is possible that the balance between compensatory factors acting locally within the dentition and more general genetic influences operating on the whole dentition may differ between ethnic groups. Further studies in different ethnic groups are needed to confirm whether true population differences do indeed exist. Nevertheless, as far as the Japanese dentition is concerned, our hypothesis that the remaining teeth tend to be larger when the number of congenitally missing teeth is small, but reduced in size when agenesis is severe, appears valid.
In relation to tooth size variability, the agenesis groups were generally more variable than the reference group. This tendency was most apparent when greater numbers of teeth were missing. Baum and Cohen (1971a, b) noted that 6 out of 14 mesiodistal measurements were significantly more variable in males with tooth agenesis when compared with a control group. They reported that highest variation in tooth size variability was noted for the canine and first molar in the agenesis sample. Brook et al. (2009) also mentioned that the agenesis group in their study was more variable than the control in terms of tooth size, as did Yamada et al. (2005) . It is possible that individuals with dental agenesis display increased developmental instability (Shapiro, 1975; Townsend, 1983a, b) , and that this is reflected in greater variability in size of their remaining teeth.
Among the three agenesis groups in the present study, canines in groups B and C showed greatest variability. Mandibular incisors and second premolars were also variable in the agenesis groups. The fact that canine teeth were more variable in the agenesis groups is an apparent contradiction to the widely accepted notion that these teeth are stable key teeth in terms of Butler's field theory (Butler, 1939) . Osborne et al. (1958) reported that canines showed lower genetic variability than other teeth, so it is interesting that they displayed relatively high phenotypic variation in the agenesis groups in our study. Further studies are needed to explore this finding.
This study did not consider the third molar in the agenesis groups. Tooth size of other remaining teeth in groups with congenitally missing teeth, including third molar agenesis, will be explored and compared with controls with 32 permanent teeth in the future.
Conclusion
Influences of congenital missing teeth on the size of the remaining teeth were explored. When compared with reference data for individuals with a full complement of 32 permanent teeth, individuals with one or two missing teeth generally had larger remaining teeth. When three or more teeth were congenitally missing, the remaining teeth tended to be smaller. These apparently contradictory findings may reflect an interplay between local compensatory effects on teeth adjacent to missing teeth and more general genetic influences operating on the dentition overall. The remaining teeth of individuals with missing teeth tended to be more variable in size than those of individuals with full dentitions, perhaps reflecting increased developmental instability.
